Decades of research have shown that, from an early age, proficient bilinguals can speak each of their two languages separately (similar to monolinguals) or rapidly switch between them (dissimilar to monolinguals). Thus we ask, do monolingual and bilingual brains process language similarly or dissimilarly, and is this affected by the language context? Using an innovative brain imaging technology, functional Near Infrared Spectroscopy (fNIRS), we investigated how adult bilinguals process semantic information, both in speech and in print, in a monolingual language context (one language at a time) or in a bilingual language context (two languages in rapid alternation). While undergoing fNIRS recording, ten early exposed, highly proficient Spanish-English bilinguals completed a Semantic Judgment task in monolingual and bilingual contexts and were compared to ten English monolingual controls. Two hypotheses were tested: the Signature Hypothesis predicts that early, highly proficient bilinguals will recruit neural tissue to process language differently from monolinguals across all language contexts. The Switching Hypothesis predicts that bilinguals will recruit neural tissue to process language similarly to monolinguals, when using one language at a time. Supporting the Signature Hypothesis, in the monolingual context, bilinguals and monolinguals showed differences in both hemispheres in the recruitment of DLPFC (BA 46/9) and IFC (BA 47/11), but similar recruitment of Broca's area (BA 44/45). In particular, in the monolingual context, bilinguals showed greater signal intensity in channels maximally overlaying DLPFC and IFC regions as compared to monolinguals. In the bilingual context, bilinguals demonstrated a more robust recruitment of right DLPFC and right IFC. These findings reveal how extensive early bilingual exposure modifies language organization in the brain-thus imparting a possible "bilingual signature." They further shed fascinating new light on how the bilingual brain may reveal the biological extent of the neural architecture underlying all human language and the language processing potential not fully recruited in the monolingual brain.
Introduction
Can early dual language exposure modify neural tissue? Early childhood is a key period in human development when neurological organization and reorganization take place (Dawson and Fischer, 1994) and many early childhood experiences yield a lifelong impact on brain organization (Fine et al., 2005; Johnson and Newport, 1989; Neville and Bavelier, 2001; Mayberry and Eichen, 1991; Newman et al., 2002; Newport, 1990; Ohnishi et al., 2001; Petersson et al., 2001; Petitto et al., 2000; Roder et al., 2002) . Is early exposure to two languages one of these childhood experiences? Does extensive and maintained exposure to two languages from early life leave a "bilingual signature" on the human brain?
Early language experiences have been shown to result in permanent behavioral and neurological changes. Individuals not exposed to any language before puberty (or even before age 7) commonly fail to achieve monolingual-like language proficiency, experience enhanced difficulty learning language later in life (Lenneberg, 1967; Mayberry and Eichen, 1991; Mayberry and Fischer, 1989; Mayberry et al., 2002; Neville et al., 1997) , and display non-native language organization in the brain (Newman et al., 2002) . On the opposite end of the spectrum, early, extensive, and maintained bilingual exposure appears to yield the greatest dual language proficiency and the most similar neural organization between the two languages (e.g., Johnson and Newport, 1989; Kovelman and Petitto, 2002; McDonald, 2000; Weber-Fox and Neville, 1999) .
Only a handful of researchers have conducted neuroimaging studies that directly compare bilingual and monolingual brains (Mechelli et al., 2004; Rodriguez-Fornells et al., 2002) . In the only structural-anatomical MRI study comparing bilinguals and monolinguals (Mechelli et al., 2004) , results showed that bilinguals had an increase in gray matter volume in the left inferior parietal cortex, which was greatest in early exposed, highly proficient bilinguals. In one of the two functional studies, Rodriguez-Fornells et al. (2002) found that when bilinguals were required to ignore words in one of their languages, they showed greater recruitment of the left inferior frontal cortex (IFC; BA 44) and the left IFC area adjacent to the middle frontal gyrus (MFG; BA 46/9) than monolinguals. Given that the bilinguals (unlike the monolinguals) were required to ignore one of their languages in this study, the observed LIFC/ MFG activation could be related to the switching and inhibition nature of the task. Finally, in an fMRI neuroimaging study conducted in our own laboratory, when performing a complex syntactic task in one language at a time, bilinguals showed greater activation within LIFC (BA 45) than monolinguals (Kovelman et al., 2005) .
Although it is commonly observed that early, extensive, and maintained bilingual exposure typically results behaviorally in optimal dual language competence (Johnson and Newport, 1989; Kovelman and Petitto, 2002; Weber-Fox and Neville, 1999) , there is controversy about the nature of the neural recruitment for the two languages, especially when exposure to two languages does not occur close in time (e.g., one language is acquired first, L1, followed by another language, L2). On one hand, some studies have shown both subcortical activation differences and greater frontal and bilateral recruitment for L2 using a variety of language tasks (text comprehension: Dehaene et al., 1997; Kim et al., 1997;  semantic and grammatical processing of sentences: Hahne and Friederici, 2001; Wartenburger et al., 2003; Weber-Fox and Neville, 1999 ; phonological and lexical processing of words and sounds: Klein et al., 2006 Klein et al., , 1995 Marian et al., 2003; Pillai et al., 2003) . On the other hand, some studies have shown no neural activation differences between bilinguals' L1 and L2 (text comprehension: Perani et al., 1998 ; semantic and grammatical processing of sentences: Friederici et al., 2002 ; phonological and lexical processing of words and sounds: Chee et al., 1999; Klein et al., 1999 Klein et al., , 1995 . One reason for this controversy is that the extent and maintenance of dual language exposure can impact an individual's proficiency in each language. In turn, proficiency can influence dual language representation in the brains of bilinguals; age of acquisition also has influence on the representation of language in bilingual brains (semantic and grammatical processing of sentences: Wartenburger et al., 2003 ; phonological and lexical processing of words and sounds: Chee et al., 2004 Chee et al., , 2001 Golestani et al., 2006; Meschyan and Hernandez, 2006 ; also, see review by Abutalebi et al., 2001) .
Another factor to consider when comparing bilinguals and monolinguals is the types of language contexts in which a proficient bilingual adult routinely functions. Bilinguals can interact in different contexts or "modes" (Grosjean, 1997) . For example, when a bilingual is with a monolingual, he or she speaks in only one language and is thus in Monolingual mode. When with other bilinguals, they often speak both of their languages or function in a Bilingual mode. Thus, bilinguals might find themselves using either one language at a time or both languages in rapid succession. High facility with this kind of switching across Bilingual and Monolingual language modes is observed even in very young bilingual children (Genesee, 1989; Genesee et al., 1996; Holowka et al., 2002; Paradis et al., 2000; Petitto and Holowka, 2002; Petitto et al., , 2001 Poulin-Dubois and Goodz, 2001 ). In particular, research in our own laboratory has observed how even very young bilinguals can easily and systematically modulate their language choice when interacting with monolinguals of their two languages within the same context/environment (e.g., Petitto et al., 2001 ).
An additional intriguing factor to consider when comparing bilingual and monolingual language processing is the types of lexico-semantic usage that are possible for bilinguals but not monolinguals. One of the most common forms of "code switching" observed in bilinguals (often called "language mixing" when observed in children) is the swapping of lexico-semantic items belonging to one language when building a phrase in another language. For example, one might say "Yesterday we ate crème glassée" ("ice-cream" in French spoken in Quebec; e.g., Grosjean, 2001; Paradis et al., 2000; Petitto et al., 2001; Poplack, 1980) . Current theories of bilingual lexico-semantic representation have assumed the existence of a combined lexical store, in which each lexical item is connected to a number of semantic features in a common semantic store (Ameel et al., 2005; Dijkstra and Van Heuven, 2002; Green, 1998; Kroll and Sunderman, 2003; Monsell et al., 1992) . Words in two languages that share overlapping semantic representations within the common semantic store are called "translation equivalents" (e.g., "mother" in English and "maman" in French). This idea is supported by the fact that bilinguals can be semantically primed in one language to produce a word in the other language (Dijkstra and Van Heuven, 2002; Kerkhofs et al., 2006; Kroll and Sunderman, 2003) and can translate concrete words, whose semantic representations overlap, faster than abstract words, which are less likely to share semantic features across languages (Van Hell and De Groot, 1998) .
How do bilinguals avoid confusing their two languages as they rapidly process their languages and/or move from one language context to the next? Language switching has been thought to be due to a mechanism, and possibly even an area in the brain, which can selectively activate only one language (Paradis, 1997) . This idea was challenged both by the failure to locate a specific brain area that controls the choice of language (Paradis, 1997) and also because of the observation that language choice is not an "on"/ "off" process. Rather, bilingual language usage appears to form a continuum in which bilinguals selectively activate or inhibit their two languages to a greater or lesser extent (Grosjean, 2001; Paradis, 1997) . Currently, language switching is considered to be a dynamic process in which the degree that each language is activated and inhibited is modulated and dependent on the language context (Green, 1998; Grosjean, 1997; Paradis, 1997) .
Behavioral studies alone cannot answer the question of whether bilingual language exposure yields neural differences as compared to monolingual language exposure. Behavioral studies have presented conflicting results, with some suggesting that even early exposed, highly proficient bilinguals perform significantly worse than monolinguals on semantic tasks across different language contexts (Thomas and Allport, 2000; Von Studnitz and Green, 2002) , and others suggesting no such bilingual deficit (Caramazza and Brones, 1980; Grosjean and Miller, 1994; Van Heuven et al., 1998) . Additionally, as noted above, there are a limited number of neuroimaging studies on bilingual switching and semantic language processing across dual language contexts.
With regard to language switching, bilinguals in Chee et al.'s (2003) study showed different amounts of neural activation within classic semantic processing brain areas (in particular, middle temporal gyrus, MTG) across different language contexts, while Klein et al. (1995) showed similar recruitment of both classic language-dedicated brain areas (left IFC) as well as dorsolateral prefrontal cortex (DLPFC) irrespective of whether bilinguals were using one or two languages. Still other studies have shown that bilinguals require increased recruitment of neural tissue classically associated with task switching and mediation of executive processes, such as DLPFC and anterior cingulate cortex (AC) in bilingual versus monolingual contexts (Fugelsang and Dunbar, 2005; Hernandez et al., 2000 Hernandez et al., , 2001 Holtzheimer et al., 2005; Price et al., 1999) . As DLPFC might be involved in task monitoring, particularly during novel and/or attention demanding tasks, regardless of whether task switching is involved, the lack or presence of DLPFC activation during language switching tasks should be interpreted with caution (Duncan and Owen, 2000; Fugelsang et al., 2006; Wager et al., 2004) .
In the present study we examine and compare semantic processing in bilinguals and monolinguals. Using behavioral and neuroimaging techniques, we examine how bilinguals process printed and auditory semantic information presented to them across two types of typically encountered contexts: (i) Monolingual mode -one language in isolation, and (ii) Bilingual mode-two languages in rapid succession. We studied a group of early exposed, highly proficient bilinguals who were carefully screened for early dual language exposure, dual language proficiency, and dual language maintenance, as well as a group of monolingual controls matched for gender and age. Our analyses included comparisons of behavioral performance (accuracy and reaction time) and changes in hemodynamic response in participants as measured with an innovative brain imaging technology, functional Near Infrared Spectroscopy (fNIRS).
Two hypotheses about how the bilingual brain processes language were tested: the Neural Signature Hypothesis predicts that early exposed, proficient bilinguals should process language differently from monolinguals and recruit different neural tissue across all contexts, including one language at a time (Monolingual mode) and two languages in rapid alternation (Bilingual mode). The difference would be expressed by bilinguals showing greater or lesser neural recruitment (greater or lesser intensity of the hemodynamic signal or presence versus absence of activation in a particular area) of the classic language, cognitive attention/ inhibition, and verbal working memory brain areas as compared to monolinguals, regardless of language mode. The Functional Switching Hypothesis predicts that early exposed, proficient bilinguals should process language similarly to monolinguals and recruit similar neural tissue, but not across all contexts. Specifically, bilinguals and monolinguals should show similar neural profiles when processing one language at a time (Monolingual mode). Neural differences should emerge only in the context specific and unique to bilinguals: that is, when bilinguals are processing two languages in rapid alternation (Bilingual mode); in this mode bilinguals should show greater neural recruitment of the classic language areas and/or brain areas involved in task switching. Classic language brain areas would include left IFC (BA 44/45), while classic verbal working memory/attention brain areas would include left DLPFC (BA 46/9) and anterior IFC (BA 47/11).
Previous research has shown that there is no simple one-to-one correspondence between behavioral performance and neural activity. Such findings are particularly abundant in the bilingual literature, where different language groups can show the same behavioral performance, yet different neural profiles (Chee et al., 2004; Wartenburger et al., 2003) . Therefore, our behavioral predictions are not specific to either of the two neurological hypotheses. For both "Neural Signature" and "Functional Switching" hypotheses, we predicted that bilinguals would make semantic decisions with the same or slower reaction time and the same or lower accuracy as monolinguals. fNIRS is among the world's most innovative imaging technologies. Like fMRI, fNIRS measures changes in the brain's blood oxygen level density (BOLD) while a person is performing specific cognitive tasks. An advantage over fMRI is that, in addition to BOLD, fNIRS also computes the deoxygenated and oxygenated hemoglobin from the absorption measured at different wavelengths using the modified Beer-Lambert equation. While fNIRS cannot record deep into the human brain (∼4 cm depth), it has good spatial resolution that is excellent for studies of human higher cognition and language, and it has better temporal resolution than fMRI (∼ b5 s HR, sampling rate = 10× per second). Unlike the large size of fMRI, fNIRS is very small, highly portable (the size of a desktop computer), and particularly child friendly (children and adults sit normally in a comfortable chair, and babies can be studied while seated on mom's lap). Furthermore, fNIRS is virtually silent, unlike the loud whirring of the fMRI that can make language processing studies challenging. Most importantly, fNIRS tolerates movement. By contrast, fMRI does not tolerate movement and, thus, is difficult to use for studying language production. The fMRI's restriction on movement, its production of loud noises, and its restrictive testing chamber make it very challenging to use for studying infants and children as well as special populations of adults. With the advent of fNIRS, new insights into the human child's developing brain function with respect to higher cognition and language, as well as new insights into the aging brain, can now be laid bare.
To the best of our knowledge, the present study is unique in its direct comparison of bilingual and monolingual semantic processing while using modern neuroimaging technology and behavioral techniques. It is also unique in its focus on bilinguals' semantic performance across multiple bilingual contexts and in its use of both auditory and visually presented stimuli. By doing so we hope to provide insight into the nature of bilingual language processing, the impact that early and extensive bilingual exposure has on the bilingual brain, and the effectiveness of fNIRS in cognitive neuroscience research.
Materials and methods

Participants
Bilingual participants
Ten right-handed Spanish-English bilinguals participated in this experiment (4 men, 6 women, see Table 1 ). All bilingual participants started receiving extensive and systematic exposure to both English and Spanish before the age of 5. All bilingual participants had high, monolingual-like, language proficiency in each of their two languages (as established with participant screening methods described below, on which all participants achieved the required accuracy of at least 80%). Half of the participants were exposed to both Spanish and English at home from birth, and the other half of the participants were exposed to Spanish at home from birth and extensive and maintained exposure to English in daycare or kindergarten beginning by ages 3-5. All bilingual participants used English and Spanish consistently from the first onset of bilingual exposure to the present, had at least one Spanish-speaking parent (most of the parents were native speakers of Spanish and late learners of English), and learned to read in English within ages 5-7 and in Spanish within ages 5-12. Bilingual participants had no other exposure to a language outside of English and Spanish until after age 10 and only in the format of a "foreign" language class.
Monolingual participants
Ten right-handed monolinguals participated in this experiment (4 men, 6 women, see Table 1 ). All monolingual participants completed language screening tasks in English with the required accuracy of 80% and above and came from monolingual English families. Monolingual participants had no other exposure to a language outside of English until after age 10 and only in the format of a "foreign" language class.
All participants received compensation for their time. The treatment of all participants and all experimental procedures were in full compliance with the ethical guidelines of NIH and Dartmouth College's Ethical Review Board.
Participant screening Assessment of bilingual language background and use
All participants first were administered an extensive and standardized bilingual language background and use screening questionnaire to ensure confidence in both our "bilingual" (early exposed, highly proficient) and our "monolingual" group assignments (Penhune et al., 2003; Petitto et al., 2001 ). This screening tool permitted us to determine the age of first bilingual exposure, language(s) used in the home by all caretakers and family members/friends, language(s) used during/throughout schooling, language(s) of reading instruction, cultural self-identification and language maintenance (language(s) of the community in early life and language(s) used throughout development up until the present).
Grammaticality judgment behavioral task
A standardized grammaticality judgment task was administered in English to monolingual participants and in English and in Spanish to bilingual participants. The goal of the task was to assess participants' knowledge (or "competence") of the systematic rules that bind key syntactic and morphological information in each of their two languages. In this grammaticality judgment task, modeled after ones used by Johnson and Newport (1989), McDonald (2000) , and Winitz (1996) , participants were presented with grammatical and ungrammatical sentences and instructed to read each sentence and indicate whether or not the sentence was grammatical. Examples: I see a book (grammatical); I see book (ungrammatical). This type of task has been used for decades, is effective at identifying individuals with low language proficiency and age of first exposure to the language (with only those exposed to the language before age 7 performing with high accuracy). All participants had to score at least 80% correct in their language(s) to be eligible.
Semantic Judgment task presented during brain imaging
The goal of this task was to assess bilingual language processing when each language was presented in isolation (Monolingual mode) or when the two languages were presented in rapid alternation (Bilingual mode). This task was modeled after the classic Pyramids and Palm Trees Task (Howard and Patterson, 1992) , commonly used in both behavioral and neurological investigations (Chee et al., 2001 (Chee et al., , 2000 . On each trial, the participant was presented with the first word (1 s), followed by the second word (1 s), followed by a picture (1 s) that corresponded either to the first or second word (Fig. 1) . The participants were asked to indicate via button press whether the first or the second word corresponded to the picture. This task consisted of two parts: Auditory and Visual. During the Auditory part of the experiment participants heard the words via computer speakers. During the Visual part of the experiment participants read the words as they appeared on the computer screen. The two conditions were otherwise identical, including instruction, response type, and length of stimulus presentation.
Language conditions
We employed a block design with two language conditions: Monolingual mode and Bilingual mode (Fig. 1) . Monolingual mode included two block types, where each language was presented in isolation: blocks of English trials only and blocks of Spanish trials only (Fig. 1a) . Bilingual mode was comprised of two types of experimental blocks, Bilingual mode Integration and Bilingual mode Alternation. In Bilingual mode Integration (Fig.  1b ) both languages were presented within each trial. Bilingual mode Alternation (Fig. 1c) had randomly alternating trials in English and Spanish.
Stimuli
We selected a total of 112 pictures from the Peabody Picture Vocabulary Test (Dunn and Dunn, 1981) and the International Picture Naming project (Abbate and La Chappelle, 1984 ; Max Planck Institute for Psycholinguistics; Kaplan et al., 1983; Oxford Junior Workbooks, 1965) . The pictures and their definitions have been standardized over decades of research and over many languages (Szekely et al., 2005) . The two words presented in each trial were equated for syllable length. For the Auditory condition, the words in each pair were also matched for the number of phonemes. For the Visual condition, the words were matched for the number of letters. The average number of phonemes/letters per word was equal across languages (Table 2) . For all same-language blocks in which the two words on each trial were in the same language (Spanish, English, Alternating), the words in the pair were matched for written frequency (frequency dictionaries: Juilland and Chang-Rodríguez, 1964 ; MRC Psycholinguistic Database). Exact frequency matches for Spanish and English words for Integration block trials were impossible given that the two language frequency dictionaries were compiled over a different total number of words. However, given that low versus high frequency in general is an important factor in word recognition (Rodriguez-Fornells et al., 2002), for the Integration trials these words were equated for their general frequency (high versus low; see frequency matching results in Table 2 ). These experimental stimuli were extensively piloted (n = 30) to ensure that participants were comfortable/familiar with the pictures, their definitions, and the trial lengths. The use of cognates (words with similar form/sound and meaning across two languages) or homographs/homophones (words with similar form/sound but with different meanings across two languages) was minimal to avoid word selection facilitation or disruption due to the special properties of these words in the bilingual lexicon (Dijkstra and Van Heuven, 2002; Doctor and Klein, 1992; Klein and Doctor, 2003) . For the Visual Integration trials (Fig. 1) we entirely avoided words with Spanish-specific orthographic markers (e.g., jabón).
Words for the Auditory condition were recorded with Final Cut Express Software using a G4 Macintosh computer. Three different female voices were used. For English trials in English and Alternating blocks a Monolingual English speaker recorded all English words. For Spanish trials in Spanish and Alternating blocks a native Spanish-English bilingual recorded all the Spanish words. For Integration block trials a different native SpanishEnglish bilingual recorded both Spanish and English words. Different voices were used to ensure mode differentiation for bilinguals and to avoid inadvertent priming of an incorrect language condition.
Procedure
Bilingual participants completed all language conditions, including Monolingual mode (English and Spanish) and Bilingual mode (Integration and Alternation, Fig. 1 ). For bilingual participants the order of blocks (English, Spanish, Integration, Alternation) was randomized across all participants. Monolingual participants completed Monolingual mode English blocks only. Participants received a 2-second warning before the beginning of each block, telling them the type of block they were about to complete. In order to ensure that both groups had the exact same amount of exposure to each block type, we purposefully chose to give the same number of English blocks to each participant, without additional English blocks to equate the amount of testing time for two groups. Thus, we ensured that when comparing performance and brain activity during English blocks, the two groups of participants had the exact same amount of exposure to the English task. Participants were instructed to indicate their decision as quickly and as accurately as possible by pressing a left button if the first word corresponded to the picture and pressing a right button if the second word corresponded to the picture. Right and left-hand responses were randomized for each condition. Accuracy, reaction time (RT), and hemodynamic response (signal measured by fNIRS) were measured simultaneously. Word length and frequency. There were two runs of each Auditory and Visual condition with 14 trials per block, 56 trials per run, 112 trials total (3 s per trial: 1 s per word and per picture followed by a 1 s fixation period between trials; 56 s block duration and 24 s inter-block rest/ fixation period (consisting of a fixation cross), 4 blocks per run for bilinguals, and 1 block per run for monolinguals; see Fig. 2 ). There were a total of 112 pictures with one picture per trial. Each picture represented a distinct lexical item and none of the pictures were repeated during the two runs. This imaging paradigm has been standardized and successfully used in previous bilingual imaging studies (Chee et al., 2001; Kovelman et al., in press ). The extended 56 s block duration was chosen on the basis of previous research suggesting that increased task duration is more likely to reveal whether frontal lobe and particularly DLPFC recruitment is necessary (Sapir et al., 2002) and rest periods of 24s were intended to give participants a sufficient break before introducing a different language context. Taken together, the durations of both the block and the rest periods were designed to be commensurate with typical hemodynamic change and recovery (see Fig. 3 ). We used an Apple G4 Laptop running PsyScope software and attached to a freestanding 17-in. monitor in order to present the stimuli and record behavioral responses (MacWhinney et al., 1997) . All participants were trained in the task before brain scanning began. During training we used different words and images than those used during brain imaging.
fNIRS imaging
Apparatus and procedure
To record the hemodynamic response we used a Hitachi ETG-4000 with 24 channels, acquiring data at 10 Hz (Fig. 4A) . The lasers were factory set to 690 nm and 830 nm. The 10 lasers and 8 detectors were segregated into two 3 × 3 arrays corresponding to 12 channels per array (Fig. 4B) . Once the participant was comfortably seated, one array was placed on each side of the participant's head. Positioning of the array was accomplished using the 10-20 system (Jasper, 1957;  Fig. 4C ) to maximally overlay regions classically involved in language, verbal and working memory areas in the left hemisphere and their homologues in the right hemisphere: in brief, the bottom back corner on 10-20 position T3 (left) or T4 (right) and the bottom front corner on 10-20 position F7 (left) or F8 (right). Channels were tested for noise prior to the beginning of the recording session. Digital photographs were taken of the array positioning prior to and after the recording session to identify if the arrays had moved during testing. An MPEG video recording was synchronized with the testing session, so any apparent movement artifacts could be confirmed during off-line analysis.
ROI identification
In the 3 × 3 recording array, channels were considered as the area between adjacent lasers and detectors, as is hardwired into the ETG-4000 system. Each channel had two components, attenuation values from the 690 nm and 830 nm lasers. The attenuation values were converted to deoxy-and oxy-Hb values using the Modified Beer-Lambert equation. Once converted from laser attenuation, channels referred to the deoxy-and oxy-Hb changes in the regions between the laser and detectors.
Our ROI included classic brain regions of interest for language processing: Language PFC (channels maximally overlaying Broca's area BA 44/45) and Verbal Working Memory/Attention PFC (channels maximally overlaying DLPFC BA 46/9 and IFC BA 47/11).
There regions were identified with the help of PCA which grouped the channels into the Language PFC and Verbal Working Memory/Attention PFC principal components. The same channels were grouped for every subject. Each channel was overlaying the same brain area for every subject, as established by 10-20 probe placement and MRI coregistration.
After the recording session, data were exported and analyzed using Matlab (The Mathworks Inc.). Conversion of the raw data to hemoglobin values was accomplished in two steps. Under the assumption that scattering is constant over the path length, we first calculated the attenuation for each wavelength by comparing the optical density of light intensity during the task to the calculated baseline of the signal. We then used the attenuation values for each wavelength and sampled time points to solve the modified BeerLambert equation to convert the wavelength data to a meaningful oxygenated and deoxygenated hemoglobin response (HbO and Hb respectively) (Kohl et al., 1998) .
MRI coregistration
For MRI (anatomical) coregistration, at another session, two 3 × 3 arrays of Vitamin E tablets were constructed with the tablets placed precisely at each of the optode locations as described above. These Vitamin E arrays were then placed on to the participant's head at precisely the same location as the optode array using the 10-20 coordinate system and secured in place with MRI safe tape and straps. Using a Philips 3 T MRI, an anatomical scan was taken from 6 participants. The Vitamin E locations from these scans were used as landmarks for coregistration and hence the recorded channels, indicating that indeed the channels covered the anatomical locations anticipated by the 10-20 coordinate system (see Figs. 4D and E) .
Foam padding was placed in the head coil to limit subject head movement during image acquisition. T1-weighted three-dimensional magnetization-prepared rapid acquisition gradient echo (3D-MPRAGE) sagittal images were obtained with a Phillips 3 T scanner. Scanning parameters were as follows: echo time (TE) = 4.6 ms, repetition time (TR) = 9.8 ms, flip angle = 8°, acquisition matrix = 256 × 256, 160 sagittal slices, and voxel size = 1 × 1 × 1 mm with no gap.
Results
Semantic Judgment task
Behavioral results Bilinguals versus monolinguals. Bilinguals' and monolinguals' accuracy and reaction time in English were compared using two 2 × 2 mixed ANOVAs, one ANOVA for accuracy and one ANOVA for reaction time (groups (between factor) × Audio and Video conditions (within factor)). Bilinguals performed equally accurately (F(1,18) = 0.8, p N 0.01) and equally fast as monolinguals (F(1,18) = 0.2, p N 0.01). Both groups performed with the same accuracy, but faster (F(1,18) = 58.2, p b 0.01) when they read the words rather than when they heard the words. Behavioral scores for this task are presented in Table 3 . We used a two-standard deviation cut-off method for analyzing our reaction time data. In particular, for each condition (Audio English, Audio Spanish, Audio Integration, Audio Alternation, Video English, Video Spanish, Video Integration, Video Alternation) we established a mean and standard deviation, and for each participant for each condition we eliminated reaction time data points, which were below or above two standard deviations for that condition.
Bilingual language modes. Bilinguals performed equally fast (F(1,18) = 0.5, p N 0.01), but with unequal accuracy across trials (F(3,27) = 8.7, p b 0.01) as was revealed by two 4 × 2 ANOVAs, one ANOVA for accuracy, and one ANOVA for reaction time (Language conditions (within factor) × Audio and Video conditions (within factor)). Post hoc investigation showed that bilinguals performed Table 3 , these scores are within one point of each other (English mean = 26 correct and Integration mean = 25 correct out of a total of 28 items, Audio and Video conditions taken together for each language context and numbers are rounded for clarity). Therefore, we suggest that the readers interpret this statistical difference with a degree of caution as the statistical difference may not be entirely meaningful and the participants may have essentially performed with the same accuracy across all language trials and modes. The participants performed more accurately (F(1,9) = 51.4, p b 0.01) and faster (F(1,9) = 54.4, p b 0.01) when they read the words rather than when they heard them.
Imaging results
Statistical analyses were performed on the concentration of HbO within a cortical region as this chromophore provided the most robust contrast-to-noise ratio across participants. HbO values for each channel were plotted and inspected. The maximum positive peak values were determined for each channel from 5 s before the onset of the trial until 10 s after the end of the trial. These values and baseline values (mean of 50 s preceding the first trial for each channel) were used for statistical analysis.
Task versus baseline. "Task" activation was defined as peak activation during Monolingual mode blocks (English for monolinguals, and English and Spanish averaged for bilinguals; Audio and Video conditions averaged for both groups) and "Baseline" was defined as the mean of the 50-second period prior to the first task for each channel. A 2 × 24 MANOVA (task versus baseline × 24 channels) analysis revealed that all participants had overall greater brain activity during the task as compared to baseline (F(15,40) = 24, p b 0.0001). The test of individual taskbaseline contrasts for each channel confirmed that this Task N Baseline difference was significant for each channel with significance levels ranging from p b 0.01 to p b 0.0001.
ROI identification.
We further used the Task activations (English for monolinguals, English and Spanish for bilinguals, Audio and Video averaged) in a Principal Component Analysis (PCA) for left hemisphere channels as the first exploratory procedure to identify regions of interest (ROI), the channels that overlay brain regions particularly involved with the current language task. The first principal component explained 50% of the variance in the data and indicated two clusters: channels 1-8 had high coefficient loadings (0.680-0.880) and channels 9-12 had low coefficient loadings (0.280-0.580). Anatomical locations of channels 1-8 were examined using MRI anatomical coregistration scans. The anatomical coregistration analysis was conducted with MRIcro and Talairach Deamon anatomical localization software. Anatomical localization analysis suggested that most of the channels with high PCA coefficient loadings primarily overlay our originally hypothesized ROI areas. Channels 1 and 3 maximally overlay IFC (BA 44/45, including classic Broca's area), channel 2 maximally overlays IFC (BA 47/11) and channels 4 and 7 maximally overlay DLPFC (BA 46/9). Thus, we further narrowed down our selection of ROI channels to only these 5 channels (1-4, 7) . Henceforth in the analysis, we treat channels 1 and 3 as maximally overlaying Language PFC areas (BA 44/45), channels 2, 4, and 7 as maximally overlaying Verbal Working Memory/ Attention PFC areas (BA 47/11 and 46/9), and the remaining channels 5-6 and 8-12 as maximally overlaying control areas.
Audio versus video. The first step in data analysis was to see whether there was a significant difference between the Audio and Video conditions that might preclude us from averaging these two conditions for subsequent analysis presented in the paragraphs below. We explored potential differences between Audio and Video conditions separately for each ROI and using the data from monolinguals (English condition) and bilinguals (all language conditions averaged). For each ROI we used a 2 × 2 repeatedmeasures ANOVA (Audio vs Video in Monolingual mode conditions (English for monolinguals; English and Spanish averaged for bilinguals) × hemispheres). For the purposes of this analysis and all the subsequent comparisons for each individual participant we averaged brain activation for the groups of channels belonging to the same ROI (channels 1 and 3 for Language PFC, channels 2, 4, and 7 for Verbal Working Memory/Attention PFC, and channels 5, 6, 8, 9, 10, 11, and 12 for Control regions).
Language PFC. The results showed a significantly greater left hemisphere Language PFC (BA 44/45) recruitment (F(1,19) = 13.9, p b 0.01), with no significant differences between Audio and Video conditions (F(1,19) = 0.9, p N 0.05), or interaction between the two factors (F(1,19) = 1.8, p N 0.05). Verbal Working Memory/Attention PFC. The results showed no significant main effects of Audio versus Video comparison (F(1,19) = 0.01, p N 0.05), no significant effect of hemisphere (F(1,19) = 0.04, p N 0.05) or interaction between these two factors (F(1,19) = 1.9, p N 0.05). Control areas. The results showed no significant main effects of Audio versus Video comparison (F(1,19) = 0.01, p N 0.05), no significant effect of hemisphere (F(1,19) = 0.02, p N 0.05), or interaction between the two factors (F(1,19) = 0.03, p N 0.05). In summary, we observed no significant differences between the Audio and Video conditions, even though participants showed an overall greater recruitment of left hemisphere during Video conditions and a more even bilateral during the Audio condition (Video mean activation LH = 0.069, RH = 0.057; Audio mean activation LH = 0.063, RH = 0.063), which is a classic finding given that visual language processing should be more left-lateralized than auditory language processing that should be more bilateral due to the general auditory processing of sound in both hemispheres. Therefore, for all subsequent analyses, data were averaged across Audio and Visual conditions. "Bilingual signature" and modes
Bilinguals versus monolinguals
Do monolinguals differ from bilinguals in Monolingual mode, when both groups are using only one language at a time? Similarity: As can be seen in Fig. 5A , when using one language at a time (Monolingual mode), both bilinguals and monolinguals had greater left than right hemisphere recruitment in the Language PFC (BA 44/ 45) brain area. This similarity between the groups is supported by absence of any main effects found in a 3 × 2 × 2 mixed-measures ANOVA (group: monolinguals, bilinguals in Monolingual mode (between factor) × hemispheres (within factor) × ROI (Language PFC and Working Memory/Attention PFC, Control areas, within factor)), averaged across Audio and Video conditions. Nonsignificant main effects are as follows: group F(1,18) = 0.2, p N 0.05; hemispheres F(2,18) = 2.6, p N 0.05; and ROI F(2,17) = 0.2, p N 0.05. Differences: the significant 3-way interaction of group by ROI by hemisphere can be seen in Fig. 5B (Wilks' Lambda F(2,18) = 5.0, p b 0.05), suggesting that there was a difference in both the left and right hemispheres in how the two groups recruited Verbal Working Memory/Attention PFC. Tukey Honestly Significant Differences (HSD) post hoc comparisons showed a significantly greater right homologue of Verbal Working Memory/ Attention PFC recruitment in bilinguals as compared to monolinguals (p b 0.05). The means for each language mode for each group can be found in Table 4 .
Bilinguals in monolingual versus bilingual modes
Do bilinguals differ in their use of neural resources towards processing one language at a time (Monolingual mode) versus processing two languages in rapid alternation (Bilingual mode)? We used a 2 × 2 × 3 repeated-measures ANOVA (Bilingual versus Monolingual modes × hemispheres × ROI (Language PFC, Verbal Working Memory/Attention PFC, Control areas)), averaged across Audio and Video conditions. We found a significant main effect of hemisphere (F(1,9) = 6.8, p b 0.05), all other main effects were nonsignificant (mode F(1,9) = 0.3, p N 0.05; ROI F(2,18) = 0.2, p N 0.05). Importantly, however, and as can be seen in Figs. 5A and B, there were significant mode × hemisphere (F(1,9) = 7.3, p b 0.05) and hemisphere × ROI (F(2,18) = 14.5, p b 0.05) interactions, suggesting increased right hemisphere involvement during Bilingual mode as compared to Monolingual mode. Follow-up 2 × 2 repeated-measures ANOVAs (mode × hemisphere) for each ROI showed that hemisphere by mode interaction was significant only for Verbal Working Memory/Attention PFC (F(1,9) = 5.1, p b 0.05) and Control regions (F(1,9) = 5.3, p b 0.05). Mode × hemisphere interaction was not significant for Language PFC (F(1,9) = 3.0, p N 0.05), even though the means (Table 4) suggested that for this brain region there was also an increased right hemisphere involvement during Bilingual mode. In summary and as can be seen in Table 4 and Fig. 5 , left hemisphere involvement remained relatively constant across language modes for each brain region of interest, while right hemisphere involvement significantly increased in the Bilingual mode.
Monolingual mode in bilinguals: English versus Spanish
In order to explore any differences between the two Monolingual mode conditions in bilinguals, Spanish and English, we used a 2 × 2 × 3 repeated-measures ANOVA (English and Spanish languages × hemispheres × brain area (Language PFC, Verbal Working Memory/Attention PFC, Control areas)), averaged across Audio and Video conditions. There were no main effects of English versus Spanish languages suggesting that the two languages of early and highly proficient bilinguals yield the same intensity and extent of activation (F(1,9) = 0.7, p N 0.05). There was a slight, yet significantly greater recruitment of right hemisphere for both languages, due to greater right versus left activation in the Verbal Working Memory/Attention PFC area as can be seen from the means in Table 5 Table 5 . There was no main effect of ROI (F(2,18) = 0.2, p N 0.05).
Bilingual mode in bilinguals: Integration versus Alternation
In order to explore any differences between the two Bilingual mode conditions, Integration and Alternation, we used a 2 × 2 × 3 repeated-measures ANOVA (Bilingual mode conditions × hemispheres × ROI (Language PFC, Verbal Working Memory/Attention PFC, Control areas)), averaged across Audio and Video conditions. There was a marginally significant condition by hemisphere interaction which can be seen in Fig. 6 (F(1,9) = 10.0, p = 0.06, the means for the interaction are in Table 5 
Discussion
Here we examined whether early dual language exposure both neurally and behaviorally changes language processing in bilinguals as compared to monolinguals, and if so whether these changes support the Neural Signature or the Switching Hypothesis. The present findings show that bilinguals do neurally process language differently than monolinguals both when using one language at a time and when using two languages in rapid alternation, which provides support for the Neural Signature Hypothesis of how the bilingual brain processes language. In Monolingual mode, whereas bilinguals and monolinguals had similar recruitment of the classic Language PFC areas (BA 44/45), the two groups had differential recruitment of Verbal Working Memory/Attention PFC (BA 46/9 and 47/11) and its right hemisphere homologue. In Bilingual mode, as compared to Monolingual mode, bilinguals had differential recruitment of classic Language PFC areas (BA 44/45) and Verbal Working Memory/Attention PFC areas (BA 46/9 and 47/11), as well as their right hemisphere homologues. Taken together, these findings indicate that early, extensive, and maintained exposure to two languages can modify the neural basis of language processing.
Language behavioral performance
Bilinguals and monolinguals overall performed with the same speed and accuracy. Moreover, bilinguals performed equally well in both of their languages during the two Monolingual modes. They also performed equally well during the Bilingual Alternation mode as they did during each of the Monolingual modes. The only observed performance difference was bilinguals' better performance in the English-only condition as compared to the Integration condition. It previously has been found that, during language comprehension, bilinguals are inadvertently processing some components of both of their languages in parallel Doctor and Klein, 1992; Grosjean, 1997; Kroll and Sunderman, 2003) . Therefore, it is notable that bilinguals Table 5 Mean peak activation values (and SD) for bilinguals in each language condition maintained the same efficacy of language processing as monolinguals, and to some extent maintained the same successful performance as their task load became more complex during Bilingual mode. Dijkstra and Van Heuven's bilingual language model suggests that bilinguals' should be able to equally effectively process one language at a time versus two languages in rapid alternation. It is the cognitive load incurred by the experimental task that might result in specific patterns of speed and accuracy during Bilingual versus Monolingual modes. Indeed, under some experimental conditions, bilinguals perform with the same speed and accuracy during both Bilingual and Monolingual modes (Caramazza and Brones, 1980; Grosjean and Miller, 1994; Van Heuven et al., 1998) , whereas during other experimental conditions their performance declines during Bilingual mode tasks (Thomas and Allport, 2000; Von Studnitz and Green, 2002) . We captured these phenomena in our study: bilinguals performed with the same speed and accuracy during the Monolingual mode and the Bilingual mode Alternating condition (Table 3 ). These results suggest that early exposed and highly proficient bilinguals can perform with equal success in single and dual language contexts. However, experimental tasks such as the Bilingual mode Integration condition (Table 3) can take a toll on bilinguals' accuracy of performance. Why might this be so? It is possibly due to an increased attentional and working memory load that is required to keep semantic items in two different languages activated in memory at the same time.
Imaging findings
To the best of our knowledge, the results of the few functional imaging studies outside of our laboratory that have directly compared language processing in healthy, early exposed, and highly proficient bilinguals versus monolinguals are in agreement with our findings here. For example, Proverbio et al. (2002) compared Italian-Slovenian bilinguals and Italian monolinguals using event-related potential (ERP) technology and a sentence processing task. Bilinguals were shown to have a different neural response as compared to monolinguals. Also consistent with our findings, Rodriguez-Fornells et al.'s (2002) fMRI work found that there was differential frontal lobe activation between bilinguals in Bilingual mode and monolinguals in Monolingual mode. Together, these ERP and fMRI studies have converged with our fNIRS study to suggest that the human neural organization and language processing capacity can be molded by extensive dual language exposure early in life.
When using only one language at a time, we found no difference in how bilinguals and monolinguals recruited classic Language area PFC (BA 44/45). However, there was a hemispheric difference in how bilinguals and monolinguals recruited Working Memory/Attention PFC (BA 47/11 and 46/9). In particular, there was an overall greater bilateral recruitment of Working Memory/ Attention PFC area in bilinguals as compared to monolinguals, when both groups were presented with only one language at a time (Monolingual mode). This greater recruitment, defined as the observed significantly greater signal intensity of Working Memory/ Attention PFC in bilinguals, was particularly significant in the right hemisphere. This greater signal intensity (as measured by the change in oxygenated hemoglobin) was observed in fNIRS channels maximally overlaying Working Memory/Attention PFC regions (DLPFC (BA 46/9) and IFC (BA 47/11)) in bilingual group as compared to monolingual group. These findings support the idea that dual language exposure can result in monolingual-like recruitment of the classic language brain areas, such as left IFC, which incorporates Broca's area (BA 44/45). The observed group differences suggest that dual language processing may incur neural changes within brain regions that support working memory and attention associated with language processing. Prior memory and language research has established that there are strong empirical links between DLPFC (BA 46/9) and working memory (Baddeley, 2000; D'Esposito et al., 2000; Gabrieli et al., 1998; Smith and Jonides, 1999) . In particular, left DLPFC seems to be more associated with verbal working memory (e.g., Gabrieli et al., 1998) , while right DLPFC seems to be more associated with visuospatial working memory, as well as cross-modal information integration (e.g., Bushara et al., 2001) . Increased activation in left IFC (BA 47/11) has been found in association with verbal tasks, such as semantic decision making (Roskies et al., 2001) , while increased activation in right anterior IFC has been found in association with attention and selective inhibition for both verbal and non-verbal tasks (Aron et al., 2004) . The differential recruitment of Verbal Working Memory/Attention PFC for bilinguals as compared to monolinguals that we found here is likely due to differences in the verbal working memory and attention resources required for dual language processing, such as selective attention allocation between competing linguistic information (Norman and Shallice, 1986) . Alternatively, this activation difference between the groups could simply be due to an overall greater effort exerted by bilinguals. Although we cannot rule out this possibility, bilinguals and monolinguals showed equally good performance on the task, which suggests the same level of difficulty for the two groups. Previous research has demonstrated equal level of performance and yet greater BOLD signal in aging and pathological populations, suggesting evidence of compensation strategies. However, pathological and aging populations also typically undergo changes in brain vasculature, which makes it difficult to interpret the exact nature of differences in BOLD signal, while here we studied young and healthy individuals with, hopefully, healthy and unaffected vascular system (see discussion by D'Esposito et al., 2003) .
In bilingual language modes a bilingual needs to integrate and negotiate cross-linguistic information. In our study, processing two languages in rapid succession was accompanied by an increase in both Verbal Working Memory/Attention PFC (ROI analysis, Fig. 5 ; BA 46/9 and 47/11) as well as Language PFC (ROI analysis, BA 44/45). This result is commensurate with our pilot fMRI findings, in which a comparable group of bilingual participants were scanned using an fMRI (Phillips 3 T) with the very same Semantic Judgment task (using identical screening and task administration methods as described in the Materials and methods section). Using fMRI, we observed greater right DLPFC (BA 46) and right IFC recruitment for both BA 47 (Attention PFC) and BA 45 (Language PFC) in bilinguals during Bilingual versus Monolingual mode (see Fig. 7 , the data were analyzed with SPM 99 random effects model, Friston et al., 1995) . As previously mentioned, increased activation in right hemisphere brain areas responsible for executive processing has been observed in cross-domain information integration (Bushara et al., 2001) . It also appears that semantic tasks which require atypical "outside-the-box" information search and integration also make selective reliance on right hemisphere frontal areas (e.g., generating unusual verbs in response to nouns, as in "dish"-"throw"; Seger et al., 2000) . If information integration is a strong characteristic of right hemisphere executive processing brain areas, then the observed right DLPFC and IFC activations might be due to the increased working memory and attention, as well as cross-linguistic integration processes required during Bilingual mode.
A number of different bilingual research groups have hypothesized a link between DLPFC function and bilingual "language switching," the ability to selectively inhibit one language while activating the other (Bialystok, 2001; Hernandez et al., 2001; Price et al., 1999; Rodriguez-Fornells et al., 2002) . However, results from other studies have not shown an increase in DLPFC activation during task switching (Kane and Engle, 2002; Wager et al., 2004) . Because our findings show increased activation in DLPFC during both Monolingual and Bilingual modes for bilinguals, they suggest that increased activation in DLPFC cannot be simply reduced to DLPFC being the site for task switching per se (as had been previously argued in the literature). Another intriguing possibility for further study is that, rather than inhibiting one language and activating the other (switching), the increased DLPFC activation may instead be due to both languages being active (i.e., simultaneous dual activation) or possibly be due to the increased demands of cross-linguistic integration of semantic information.
Right prefrontal activation has been previously observed in late-and low-proficiency bilinguals (Kim et al., 1997; NewmanNorlund et al., 2006; Pillai et al., 2003; Weber-Fox and Neville, 1999; Hahne and Friederici, 2001) . It has been previously suggested that low proficiency leads to heavier reliance on metalinguistic cues processed within the right hemisphere (Caplan and Dapretto, 2001; Fabbro, 2001; Paradis, 1997; Jung-Beeman, 2005) . In fact, right IFC activity decreases as L2 proficiency increases (Newman-Norlund et al., 2006) . Our study included only early exposed and highly proficient bilinguals, thus, even if they did resort to meta-linguistic cues, it was not due to their lower language proficiency. Meta-linguistic mechanisms do include high levels of information integration as discussed above, including the ability to combine knowledge about discourse and pragmatics and multiple contextual cues. Thus, in accordance with views on right hemisphere involvement in information integration (Baddeley, 2000) and meta-linguistic language processing (Caplan and Dapretto, 2001; Paradis, 1997) , we suggest that greater right PFC activation during the Bilingual mode is associated with the cross-linguistic information integration and manipulation during the Bilingual mode.
The present study is one of only a few studies to conduct a systematic investigation into the nature of dual language processing as compared to that of monolingual language processing. The key limitation to this work was that a monolingual Spanishspeaking control group was not available. The matched monolingual controls in this study were native speakers of English living and studying in the U.S.A. A comparable Spanish control group would have been a group of monolingual Spanish-speaking students scanned in a Spanish-speaking Latin American country. Although we did not include native monolingual Spanish speakers, our investigation included a bilingual group and an English monolingual group that were maximally comparable to each other with respect to language competence and proficiency, literacy exposure, and language maintenance.
For decades we studied language processing in monolinguals with the assumption that this research would lead us to the understanding of the true nature of language processing, language acquisition, and language organization in the brain. As many people are proficient speakers of more than one language, it may be that bilinguals are the group that uses the remarkable human language ability to its full potential, while monolinguals use this capacity to a more limited extent. Possibly, in an unexpected twist, it is the study of bilinguals that may reveal the language processing potential not fully recruited in monolinguals and lead us to the biological extent of the neural tissue underlying all human language.
In this study functional Near Infrared Spectroscopy showed itself to be a highly useful technology, highly comparable to fMRI, for the study of language and higher cognition in adults. It is our hope that future research will expand the use of this technology to younger bilingual populations with the goal of uncovering the basis of neural development associated with all language acquisition and maturation of other higher cognitive functions in children.
Conclusion
Early and extensive dual language exposure appears to have an impact on how the bilingual brain processes language within classic language areas (IFC, BA), as well as brain areas that support language processing (DLPFC, BA 46/9, and IFC BA 47/ 11). The overall implication is that this neural change is entirely positive-bilinguals can read and listen to semantic information in each of their languages with the same effectiveness as monolinguals. The bilingual brain also develops mechanisms that allow for successful processing of two languages concurrently in a Bilingual mode. We therefore hope that scientists, educators, and bilingual policymakers, alike, will take note of the present findings -especially those who decide on educational settings for the nation's young bilinguals and on whether early bilingual language learning as a child harms one's dual language, reading, and cognitive processing as an adult. To be sure, we found no evidence of harm and instead found evidence that the bilingual brain processes each of its two languages with the aplomb of a monolingual brain processing one. We further hope that our findings may excite cognitive neuroscientists to view bilingual language processing as shedding new light on the full extent and variability of the brain's neural architecture underlying the remarkable human language capacity.
